A simple analytic formula is derived to extract tiny dispersion fluctuations along highly nonlinear fibers from distributed measurements of parametric gain. A refined BOTDA scheme, suitable to track Kerr processes, enables low noise measurements.
Introduction
All-optical devices based on nonlinear effects in Highly Nonlinear Fibers (HNLF) are proving to be essential for signal processing at unprecedented speeds and for future all-optical networks. However, it is also known that the performance of such devices can be seriously impeded by tiny longitudinal fluctuations of the zero dispersion wavelength (ZDW). Mapping the ZDW fluctuations along the HNLF is therefore highly desirable for the design of efficient nonlinear effects based devices. Various schemes have been suggested to derive ZDW fluctuations along fibers, mainly using complex distributed sensing of localized nonlinear interactions [1] . In this paper, we propose to utilize the high sensitivity of fiber optical parametric amplifier (FOPA) gain to local dispersion in order to derive the corresponding ZDW fluctuations. In [2] a technique based on Brillouin Optical Time Domain Analysis (BOTDA) was used to probe FOPA gain along the fiber. By improving the experimental scheme, we have been able to measure the FOPA gain along the tested fibers with low noise and high stability. Furthermore, an analytically solvable firstorder differential equation is also provided to extract the ZDW fluctuations. Not only is the dispersion retrieval procedure much faster, it also shows great performance compared to full numerical approaches based on slow curve fitting methods. The combination of the novel setup and formula allows for the extraction of ZDW fluctuations of less than 0.02 nm with 2 meters resolution.
Experimental setup
The schematic of the setup is depicted in Fig. 1 . Compared to [2] , both the FOPA pump and signal are pulsed before being injected into the fiber under test, in our case HNLF. The FOPA signal also acts as a BOTDA pump. Using an electro-optic modulator, two carriersuppressed sidebands are symmetrically generated below and above the BOTDA pump (FOPA signal) frequency. The detuning between the sidebands and the BOTDA pump frequency is set at the Brillouin frequency shift B of the fiber. The two sidebands, designated as cw Brillouin probes 1 and 2, are launched at the opposite ends of the fiber. The Brillouin interaction between probes and BOTDA pump leads to a gain on the lower sideband and an identical loss on the higher sideband. As the BOTDA pump power grows along the fiber due to parametric gain, the parametric gain fluctuations along the fiber are imprinted on the Brillouin probes. It should be noted that due to the simultaneous presence of the two probes experiencing opposite gain and loss, the saturation of the BOTDA pump is avoided [3] . A tunable 0.1 nm bandwidth fiber Bragg grating filter enables the selection of either Brillouin probe. The gain or loss probe trace is finally collected on an oscilloscope for processing. To average out the polarization dependent Brillouin interaction, a polarization switch is used before launching the Brillouin probes into the HNLF. Traces of the gain/loss probe are acquired for the parametric pump switched on and off in order to derive the distributed FOPA gain. Measurements from both sides of the fiber are performed for comparison.
ZDW fluctuations extraction
In a FOPA, amplification is based on the transfer of energy through four-wave mixing (FWM) from the pump to the signal and a generated idler. The efficiency of the energy transfer depends on the phase matching ̅ between the 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America interacting waves. Supposing that no pump depletion occurs ̅ = 2 + ∆ , Where is the fiber nonlinearity coefficient, is the pump peak power, is the HNLF dispersion and ∆ is the angular frequency detuning between the pump and the signal.
fluctuations induce fluctuations on ̅ and hence on the FOPA gain. Using a WKB [4] approach, an analytic expression for the FOPA gain in the presence of fluctuations can be obtained. Expanding the FOPA gain to the first Taylor order with respect to the phase matching variations ∆ ( ) and differentiating the whole expression, the following first-order differential equation governing ∆ ( ) is obtained:
where ̅ , defined as ̅ = − ̅ 4 ⁄ , is the linear parametric gain,
) is the ideal FOPA gain of a fiber with no ZDW fluctuations, and are the first and second FOPA gain derivatives with respect to the longitudinal position , and ∆ is the difference between the actual and the ideal FOPA gain. Eq. (1) can be solved analytically, so that:
where
Two different types of HNLFs with lengths 350 m and 500 m were tested. Fig. 2(a) & (c) show the FOPA gain measured in both directions of the 350 m and 500 m HNLF, respectively. We observe discrepancies from the ideal FOPA gain that are due to ZDW fluctuations. The insets of Fig. 2(a) show how local FOPA gain variations are related to ZDW fluctuations. Using Eq. (2), the ZDW fluctuations were extracted as shown in Fig. 2(b) & (d), with a 0.02 nm accuracy and 2 meters resolution. Except over the 50 m ends of the tested fibers, the ZDW fluctuations retrieved from both sides of the fibers show coincidence of more than 94%. The erroneous behavior observed at the beginning of the HNLFs is because the idler is yet to be generated and no information on dispersion is available. This problem is overcome by using measurements from both sides of the fiber. Overall, the ZDW fluctuations of both fibers are less than 0.2 nm, in accordance with HNLFs specifications. The 500 m HNLF exhibits more ZDW fluctuations, which cause stronger FOPA gain variations from the ideal case. We also verified that theoretical gains calculated from the extracted ZDW maps are close to the measured gains with an error of less than 0.2%. 
Conclusion
Using a novel scheme based on BOTDA, the distribution of the FOPA gain along HNLFs was measured with better resolution and sensitivity than previously reported. Using an analytical formula, ZDW fluctuation of less than 0.02 nm could be extracted with a longitudinal resolution of 2 meters. This scheme could also be used to study Kerrbased phenomenon such as FOPA saturation or supercontinuum generation.
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